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Several lines of evidence have implicated the minor phospho-
lipid phosphatidylinositol-4,5-bisphosphate (PtdIns[4,5]P2) 
as a key regulator of clathrin- and actin-dependent endocyto-
sis. First, PtdIns(4,5)P2-binding domains are present in many 
endocytic proteins, including AP-2, Hip1R/Sla2p, epsin/Ent1p/
Ent2p, AP180/YAP180, amphiphysin/Rvs161/167, and dyna-
min, and abrogating the PtdIns(4,5)P2 binding ability of these 
proteins impairs endocytosis (Jost et al., 1998; Gaidarov and 
Keen, 1999; Takei et al., 1999; Vallis et al., 1999; Ford et al., 
2001; Itoh et al., 2001; Sun et al., 2005; Friesen et al., 2006). 
Second, several phosphoinositide kinases and phosphatases, 
which are involved in controlling the production and elimina-
tion of PtdIns(4,5)P2, physically interact with endocytic pro-
teins (McPherson et al., 1996; Haffner et al., 1997; Padron et al., 
2003; Stefan et al., 2005; Bairstow et al., 2006), and mutations 
in these enzymes often lead to altered PtdIns(4,5)P2 levels and 
endocytic defects (Singer-Kruger et al., 1998; Cremona et al., 
1999; Di Paolo et al., 2004). Third, PtdIns(4,5)P2 has been 
implicated in actin assembly (Yin and Janmey, 2003), which is 
important for endocytosis in many cell types.
Although these various observations suggest that modula-
tion of PtdIns(4,5)P2 levels is integral to coordination of endo-
cytic events, little is known about how PtdIns(4,5)P2 levels at 
endocytic sites change as a function of time, and how such 
changes might affect the functions of endocytic proteins at dif-
ferent steps of endocytic internalization.
In the past several years, quantitative analysis of endo-
cytic protein dynamics using multicolor real-time fl  uorescence 
microscopy and particle tracking algorithms has greatly con-
tributed to our knowledge of the endocytic internalization pro-
cess (Merrifi   eld, 2004). To extend this type of analysis to 
PtdIns(4,5)P2 dynamics during endocytic internalization, probes 
that bind to PtdIns(4,5)P2 specifi  cally at endocytic sites are nec-
essary. Evidence for PtdIns(4,5)P2 enrichment at endocytic sites 
has not been obtained. GFP-tagged PLCδ-PH, which binds to 
PtdIns(4,5)P2 with high specifi  city in vitro (Lemmon et al., 
1995), has been widely used in studying PtdIns(4,5)P2 localiza-
tion in live cells. However, when expressed in yeast at high 
levels, GFP-2xPLCδ-PH from rat labeled the yeast plasma 
membrane uniformly instead of showing the patchlike localiza-
tion that characterizes endocytic proteins (Stefan et al., 2002). 
Recent studies identifi  ed a new PtdIns(4,5)P2 binding domain, 
PtdIns(4,5)P2 turnover is required for multiple 
stages during clathrin- and actin-dependent 
endocytic internalization
Yidi Sun, Susheela Carroll, Marko Kaksonen, Junko Y. Toshima, and David G. Drubin
Department of Molecular and Cell Biology, University of California, Berkeley, Berkeley, CA 94720
T
  he lipid phosphatidylinositol-4,5-bisphosphate 
(PtdIns[4,5]P2) appears to play an important role in 
endocytosis. However, the timing of its formation and 
turnover, and its speciﬁ  c functions at different stages dur-
ing endocytic internalization, have not been established. 
In this study, Sla2 ANTH-GFP and Sjl2-3GFP were ex-
pressed as functional fusion proteins at endogenous levels 
to quantitatively explore PtdIns(4,5)P2 dynamics during 
endocytosis in yeast. Our results indicate that PtdIns(4,5)P2 
levels increase and decline in conjunction with coat 
and actin assembly and disassembly, respectively. Live-cell 
image analysis of endocytic protein dynamics in an sjl1𝖫 
sjl2𝖫 mutant, which has elevated PtdIns(4,5)P2 levels, re-
vealed that the endocytic machinery is still able to assem-
ble and disassemble dynamically, albeit nonproductively. 
The defects in the dynamic behavior of the various endocytic 
proteins in this double mutant suggest that PtdIns(4,5)P2 
turnover is required for multiple stages during endocytic 
vesicle formation. Furthermore, our results indicate that 
PtdIns(4,5)P2 turnover may act in coordination with the 
Ark1/Prk1 protein kinases in stimulating disassembly of 
the endocytic machinery.
Correspondence to David G. Drubin: drubin@berkeley.edu
Abbreviations used in this paper: ANTH, AP180 N-terminal homology; Clc, 
clathrin light chain; PH, pleckstrin homology; PtdIns(4,5)P2, phosphatidylinositol-
4,5-bisphosphate.
The online version of this article contains supplemental material.JCB • VOLUME 177 • NUMBER 2 • 2007  356
the AP180 N-terminal homology (ANTH) domain (Ford et al., 
2001; Itoh et al., 2001). Interestingly, most ANTH domain–
  containing proteins are involved in endocytosis. Thus, it is 
  possible that an ANTH domain could detect PtdIns(4,5)P2 at 
  endocytic sites, especially if it is expressed at endogenous 
levels. Although PtdIns(4,5)P2-binding domains have so far not 
been localized specifi  cally to endocytic sites, synaptojanins, 
which are inositol-polyphosphate 5-phosphatases, have been 
detected at clathrin-coated endocytic intermediates at nerve ter-
minals and at endocytic sites in yeast cells (McPherson et al., 
1996; Haffner et al., 1997; Cremona et al., 1999; Stefan et al., 
2005). Therefore, high time resolution live-cell imaging of 
  synaptojanin proteins could predict when PtdIns(4,5)P2 levels 
change in vivo. Because overexpression of inositol-polyphosphate 
5-phosphatases is expected to change PtdIns(4,5)P2 levels, it is 
critical to perform this type of analysis on synaptojanin expres-
sed at endogenous levels. However, because the fl  uorescence 
signal of endogenous synaptojanin proteins is often diffi  cult to 
detect, quantitative analysis of endogenous synaptojanin pro-
tein dynamics has not yet been done.
A mutant defective in synaptojanin function, sjl1∆ sjl2∆, 
provides the ability to test PtdIns(4,5)P2 functions at endocytic 
sites. Previous studies demonstrated that cellular PtdIns(4,5)P2 
levels in sjl1∆ sjl2∆ cells are two- to threefold higher than 
in wild-type cells (Stolz et al., 1998). sjl1∆ sjl2∆ cells also 
show a severe defect in both receptor-mediated and fl  uid-phase 
 endocytosis (Singer-Kruger et al., 1998). Moreover, this mutant 
exhib  its abnormal deep invaginations of the plasma membrane 
proposed to be generated by the formation of an endocytic bud, 
which cannot undergo fission (Singer-Kruger et al., 1998; 
Stefan et al., 2005). However, the dynamics of endocytic proteins 
associated with these abnormal membrane structures has not 
been explored.
In this study, we used two functional GFP-tagged protein 
probes, Sla2 ANTH-GFP and Sjl2-3GFP, expressed at endo-
genous levels to quantitatively analyze the dynamic turnover 
of PtdIns(4,5)P2 during endocytic internalization in live cells. 
Furthermore, we also investigated how PtdIns(4,5)P2 turnover 
affects different stages of endocytic vesicle formation by exam-
ining dynamics of various GFP-tagged endocytic proteins in 
synaptojanin mutants.
Results
Visualizing PtdIns(4,5)P2 at endocytic sites 
using a GFP-fused ANTH domain
To detect PtdIns(4,5)P2 at endocytic sites in vivo, we fi  rst needed 
to develop and validate a probe. Sla2p is an essential protein for 
yeast endocytosis that contains an ANTH domain, a coiled-coil 
domain, and a talin-like domain (Wesp et al., 1997; Ford et al., 
2001; Itoh et al., 2001; Sun et al., 2005). Previously, we showed 
that Sla2p binds through its ANTH domain to PtdIns(4,5)P2 
specifi  cally (Sun et al., 2005). We fused GFP to the C terminus 
of the fi  rst 360 aa of Sla2p, which includes the ANTH domain 
but not the central coiled-coil domain or the talin-like domain. 
The wild-type SLA2 gene was replaced with this construct so 
Figure 1.  Sla2 ANTH-GFP is at least par-
tially functional in endocytic internalization. 
(A) Growth of sla2 mutants. Strains were grown 
on YPD plates at the indicated temperatures. 
(B–D) FM4-64 uptake assay. Cells were treated 
with media containing FM4-64 in a ﬂ  ow cham-
ber. FM4-64 was visualized by ﬂ  uorescence 
microscopy every 10 min. Pictures were taken 
at 0 and 30 or 60 min (E) Receptor-mediated 
internalization of [
35S]methionine-labeled 
α-factor in wild-type cells and sla2ANTH-GFP 
mutants after a 5-min preincubation at 25°C. 
Error bars represent the SD from three exper-
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that ANTH-GFP would be expressed from the SLA2 promoter. 
We will refer to the resulting strain as sla2 ANTH-GFP. As 
a control, we also generated a sla2 4K-A ANTH-GFP mutant, 
in which four lysine residues of Sla2 ANTH required for 
PtdIns(4,5)P2 binding in vitro were changed to alanine (Sun 
et al., 2005). Sla2 ANTH-GFP and Sla2 4K-A ANTH-GFP 
expression levels were shown to be similar by using antibodies 
against Sla2p or against GFP on immunoblots of cell extracts 
(unpublished data). Although sla2∆ strains are temperature sen-
sitive (Wesp et al., 1997), sla2 ANTH-GFP exhibited normal 
growth at 37°C (Fig. 1 A). In addition, although endocytosis is 
completely inhibited in sla2∆ cells (Wesp et al., 1997), the en-
docytic membrane marker FM4-64 was internalized to the vac-
uole membrane in sla2 ANTH-GFP cells, albeit in 60 min (Fig. 
1 B), which is slower than in wild-type cells (Fig. 1 D; Vida and 
Emr, 1995). We also examined the internalization rate of sla2 
ANTH-GFP cells using the [
35S]methionine-labeled  α-factor 
uptake assay. As shown in Fig. 1 E, the α-factor uptake rate 
for the sla2 ANTH-GFP strain was about half that of wild-type 
cells (Fig. 1 E). These results demonstrate that Sla2 ANTH-
GFP is able to at least partially perform Sla2p’s function in 
 endocytic  internalization.
Previously, we showed that wild-type Sla2-GFP colocal-
izes with and exhibits similar dynamic behavior to the endo-
cytic coat protein marker, Sla1p (Kaksonen et al., 2003). Both 
Sla2p and Sla1p form cortical patches at the plasma membrane, 
and then move off the cortex toward the cell center, which likely 
represents membrane invagination. Interestingly, Sla2 ANTH-
GFP showed patchlike localization on the plasma membrane, 
whereas Sla2 4K-A ANTH-GFP was only detected in the cyto-
plasm (Fig. 2 A and Video 1, available at http://www.jcb.org/
cgi/content/full/jcb.200611011/DC1), indicating that the inter-
action of the ANTH domain with PtdIns(4,5)P2 is crucial for the 
patchlike localization. The lifetime of Sla2 ANTH-GFP patches 
was 105 ± 28.7 s, which is  3 times longer than the lifetime of 
wild-type Sla2-GFP patches (36.6 ± 6.4 s). The longer lifetime 
of Sla2 ANTH-GFP patches is consistent with the reduced rate 
of endocytosis observed in this mutant. Furthermore, compared 
with Sla2-GFP, more Sla2 ANTH-GFP was observed in the 
cytoplasm, which is probably because the coiled-coil domain 
binds to other endocytic proteins, and the talin-like domain 
binds to F-actin (McCann and Craig, 1997; Henry et al., 2002; 
Gourlay et al., 2003). These interactions may enhance the 
  recruitment of full-length Sla2p to endocytic sites. sla2 4K-A 
ANTH-GFP cells, in which Sla2 4K-A ANTH-GFP does not 
localize to the cell cortex, showed a growth defect and complete 
endocytosis defect that was characteristic of sla2∆ cells (Fig. 1, 
A and C; Wesp et al., 1997). Together, these data indicate that 
the Sla2 ANTH-GFP is suffi  cient for localization at the cell cortex, 
and that this localization is dependent on PtdIns(4,5)P2 binding.
To confi   rm that Sla2 ANTH-GFP patches correspond 
to endocytic sites, we performed two-color real-time micro-
scopy. Most clathrin light chain 1 (Clc1)-GFP patches on 
the cell cortex colocalized with ANTH-mCherry (Fig. 2 B). 
Figure 2.  Sla2 ANTH-GFP dynamics at endo-
cytic sites. (A) Single frames from videos of live 
cells expressing different GFP-tagged proteins 
(top). Kymographs of single patches from 
videos of cells expressing the indicated GFP-
tagged protein (1 frame/s; bottom). (B) Simul-
taneous localization of Clc1-GFP and Sla2-
ANTH-mCherry in live cells. Kymographs of 
individual patches from 2-color videos of cells 
expressing Clc1-GFP and Sla2-ANTH-mCherry. 
(C) Simultaneous localization of GFP- and 
RFP-tagged proteins in live cells (top). Kymo-
graphs of individual patches from 2-color videos 
of cells expressing Sla2-ANTH-GFP and Sla1-
mCherry, or Sla2-ANTH-GFP and Abp1-RFP 
(bottom). Bars, 2 μm.JCB • VOLUME 177 • NUMBER 2 • 2007  358
Kymographs revealed that ANTH-mCherry joins the patches 
shortly after cortical Clc1-GFP appears in the patches (Fig. 2 B). 
As shown in Fig. 2 C, Sla2 ANTH-GFP and the endocytic coat 
protein marker Sla1-mCherry accumulate at the cell cortex 
with similar timing (Fig. 2 C and Video 2, available at http://
www.jcb.org/cgi/content/full/jcb.200611011/DC1), and then 
make an inward movement together when the cortical actin 
marker Abp1p joins the patch (Fig. 2 C and Video 3). The yeast 
cortical actin patches are endocytic sites, and the inward move-
ment of the endocytic coat represents membrane invagination 
(Kaksonen et al., 2003). These results suggest that Sla2 ANTH-
GFP serves as a valid PtdIns(4,5)P2 marker at endocytic sites 
in vivo. Furthermore, the synchronous dynamics of the Sla2 
ANTH-GFP and Sla1-mCherry provide support for the idea 
that endocytic coat protein recruitment and subsequent dis-
appearance at endocytic sites are, at least in part, the result of 
changes in PtdIns(4,5)P2 levels.
Monitoring PtdIns(4,5)P2 dynamics during 
endocytic internalization using Sjl2-3GFP
To further examine PtdIns(4,5)P2 dynamics during endocytic 
internalization in wild-type cells, we tagged with GFP a phos-
phoinositide kinase and two phosphoinositide phosphatases, 
which control PtdIns(4,5)P2 levels and have been implicated 
in endocytosis (Singer-Kruger et al., 1998; Stolz et al., 1998; 
Desrivieres et al., 2002). The GFP-tagged proteins were expres-
sed from the endogenous promoters of the respective genes. 
Genetic studies confi  rmed that these GFP-tagged enzymes are 
functional (Fig. S1 A). The motivation for these studies was to 
monitor the dynamics of these enzymes at high temporal and 
spatial resolution to predict how local PtdIns(4,5)P2 concentra-
tion changes may relate the specifi  c steps in endocytic internal-
ization. Mss4p is the only phosphatidylinositol-4-phosphate 
5-kinase expressed in budding yeast (Desrivieres et al., 1998; 
Homma et al., 1998). Mss4-GFP was observed both in the cyto-
plasm and at the cell cortex (Fig. S1 B). Although Mss4-GFP 
showed a patch pattern at the plasma membrane, it was not po-
larized like endocytic proteins. Moreover, colocalization be-
tween Mss4-GFP and endocytic coat marker proteins, such as 
Ede1p and Sla1p, was not apparent (unpublished data). These 
results suggest that PtdIns(4,5)P2 may not be selectively synthe-
sized at sites of endocytosis.
The yeast synaptojanins Sjl1p and Sjl2p, which are inositol-
polyphosphate 5-phosphatases, have previously been impli-
cated in endocytosis (Singer-Kruger et al., 1998). Although 
Sjl1-GFP mostly localized to the cytoplasm (Fig. S1 D), Sjl2-
GFP appeared in polarized patch structures at the cell cortex 
(Fig. S1 C). Interestingly, more cortical Sjl1-GFP was observed 
in an sjl2∆ strain (Fig. S1 E), which is consistent with the pos-
sibility that Sjl1p and Sjl2p may share functions. Based on these 
observations, Sjl2p appeared to be the most suitable probe for 
dynamic regulation of PtdIns(4,5)P2 levels during endocytosis.
Overexpressed Sjl2
∆-37-GFP (lacking the fi   nal 37 Sjl2 
amino acids) was previously shown to colocalize with Abp1-
DsRed in live cells (Stefan et al., 2002). However, because 
DsRed is an obligate tetramer, actin dynamics may have been 
altered in those studies. Indeed, expression of Abp1-DsRed in 
our strain background caused abnormal actin patch dynamics 
(unpublished data). Abp1 tagged with GFP or monomeric RFP is 
a well-validated marker for endocytic actin structures (Kaksonen 
et al., 2003; Sun et al., 2006). Moreover, overexpression of 
Sjl2p may have altered PtdIns(4,5)P2 levels or protein localiza-
tion in the earlier study. To monitor Sjl2p dynamics quantita-
tively during different steps of endocytic internalization, 
expressing Sjl2p at endogenous levels is critical. We created a 
construct to fuse 3GFP to the Sjl2p C terminus, and expressed 
the fusion protein from the SJL2 chromosomal locus (Fig. 3 A 
and Video 4, available at http://www.jcb.org/cgi/content/full/
jcb.200611011/DC1). Phenotypic analysis confi  rmed that Sjl2-
3GFP is functional (Fig. S1 A). Sjl2-3GFP appeared at cortical 
patches. The lifetime of Sjl2-3GFP patches was  9.8 ± 1.4 s, 
which is shorter than the lifetime of the cortical actin marker 
Abp1 (14.7 ± 1.6 s). Sjl2-3GFP patches had an initial nonmo-
tile phase, which was followed by a transition to a highly motile 
phase (Fig. 3 B). The fl  uorescence intensity of the Sjl2-3GFP 
patches developed in a very regular manner, reaching maximum 
Figure 3.  Sjl2-3GFP dynamics at endocytic sites. (A) Single frame from a 
video of live cells expressing 3GFP-tagged Sjl2p. Bar, 2 μm. (B) Tracking 
of individual Sjl2-3GFP patches. Positions of the centers of patches were 
determined in each frame of a video from a medial focal plane of a cell, 
and consecutive positions were connected by lines. Green and red dots 
denote the ﬁ  rst and last positions, respectively, of each patch. Patch traces 
are oriented so that the cell surface is up and the cell interior is down. The 
time difference between each position along the track is 0.25 s. (C) Quan-
titation of ﬂ  uorescence intensity and distance from the site of patch forma-
tion for Sjl2-3GFP–labeled patches as a function of time. Each curve 
represents data from one patch. Fluorescence intensity over time was cor-
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intensity in only  3 s, indicating that Sjl2p is rapidly recruited 
to the cell cortex (Fig. 3 C). Sjl2-3GFP remained at its maximal 
level for  5 s, and then its levels started to decrease as it moved 
off of the cell cortex.
We previously established analytical probes and methods 
for dissecting different steps of endocytic internalization in live 
cells (Kaksonen et al., 2003). Actin assembly (detected using 
Abp1-GFP) accompanies the slow inward movement of the 
endocytic coat (labeled by fl  uorescent Sla1p) off of the plasma 
membrane. The slow Sla1p movement, and the subsequent fast 
Abp1p movement, likely refl  ect membrane invagination and 
movement of the released endocytic vesicle, respectively (Fig. 4 D; 
Kaksonen et al., 2003). To determine the exact endocytic 
steps during which Sjl2p is associated with endocytic sites, we 
imaged Sjl2-3GFP and Abp1-RFP simultaneously with a high 
temporal resolution of 1 s (Video 5, available at http://www.jcb
.org/cgi/content/full/jcb.200611011/DC1). As shown in Fig. 4 
(A–C), Sjl2-3GFP appears 5–6 s after Abp1p, and they move 
rapidly away from plasma membrane together. Strikingly, align-
ment analysis showed that Sjl2p recruitment to endocytic sites 
starts only when both Sla1p and Abp1p intensities are close to 
their maximum levels (Fig. 4 D), suggesting that PtdIns(4,5)P2 
is only eliminated after endocytic coat and actin assembly have 
occurred. This result is in agreement with the possibility that 
PtdIns(4,5)P2 plays a role in recruitment of the coat proteins and 
cytoskeleton proteins to endocytic sites. Sjl2p begins to accu-
mulate  5 s after Abp1p, but rapidly reaches its maximum level 
at about the same time as Abp1p (Fig. 4 D). Sla1p intensity de-
creases as Sjl2p levels rapidly rise, supporting a role in uncoat-
ing (Fig. 4 D). Sjl2p remains at its maximum level, whereas 
Abp1p intensity decreases, implicating Sjl2p in actin dis-
assembly. Furthermore, Sjl2p remains at its maximum intensity 
until the Abp1p/Sjl2p fast movement starts, which occurs after 
vesicle scission and uncoating (Fig. 4 D). Together, the highly 
regular dynamics of Sjl2p at endocytic sites suggests that 
PtdIns(4,5)P2 levels are strictly controlled temporally during 
endocytotic internalization.
Endocytic patch dynamics associated 
with the large, abnormal plasma membrane 
invaginations observed in sjl1𝖫 sjl2𝖫 mutants
We next tested the impact of altered PtdIns(4,5)P2 levels on 
spatial and temporal aspects of endocytosis. To do this, we 
studied endocytic defects of a mutant in which PtdIns(4,5)P2 
cannot be properly broken down. Although a triple null mutant 
of all three yeast synaptojanin genes, sjl1∆ sjl2∆ sjl3∆, is not 
viable, the sjl1∆ sjl2∆ double mutant is viable (Stolz et al., 
1998). Previous studies demonstrated that cellular PtdIns(4,5)P2 
levels in sjl1∆ sjl2∆ cells are two- to threefold higher than in 
wild-type cells (Stolz et al., 1998). Thus, this mutant provides 
an opportunity to determine how misregulation of PtdIns(4,5)P2 
levels affects endocytosis.
Figure 4.  Sjl2 dynamics during endocytic internalization. (A) Single frame from video of yeast expressing Abp1-RFP (red) and Sjl2-3GFP (green). 
Bar, 2 μm. (B) Single-channel or merged image montages of single patches from two-color videos of cells expressing Abp1-RFP and Sjl2-3GFP. (C) Kymo-
graph representation of Abp1-RFP and Sjl2-3GFP in a single patch over time. (D) Alignment of averaged patch intensity measurements of endocytic proteins. 
The data from at least three patches were averaged using one-color videos of GFP-tagged endocytic proteins. Data for Sla1p and Abp1p were aligned 
by time separating intensity peaks in two-color videos (Kaksonen et al., 2003). Abp1p and Sjl2p were aligned in reference to the time when the fast move-
ment starts.JCB • VOLUME 177 • NUMBER 2 • 2007  360
In wild-type cells, the endocytic coat marker Sla1p arrives 
and disappears at patches with a lifetime 36.7 ± 8.5 s (Fig. 8 B; 
Kaksonen et al., 2003). However, in sjl1∆ sjl2∆ mutants, in 
addition to appearing on the cell cortex, Sla1-GFP patches were 
also observed inside the cells (Fig. 5 A). Both the internal 
and the cortical Sla1-GFP patches had similar lifetimes of 
43.9 ± 5.8 s (Fig. 8 B). Quantifi  cation revealed a 51% increase 
in the number of Sla1p patches per cell surface area in sjl1∆ 
Figure 5.  Sla1-GFP localization in sjl1𝖫 sjl2𝖫 
cells.  (A) Maximum intensity projection of 
z stacks for wild-type and sjl1∆ sjl2∆ cells ex-
pressing Sla1-GFP (left). Fluorescence intensity 
over time was corrected for photobleaching. 
Selected frames of z stack section around me-
dial focal plane (right). Z axis interval is 300 nm. 
Arrows indicate the patches inside the cell. 
(B and C) sjl1∆ sjl2∆ cells expressing Sla1-
GFP, and kymograph representation of Sla1-
GFP patches on cortex and inside of the cell 
over time in the presence or absence of lat A. 
Bars, 2 μm.
Figure 6.  Sla1p patches in the abnormal, deep 
membrane invaginations observed in the sjl1𝖫 
sjl2𝖫 mutant. (A) FM4-64 labeling of wild-type or 
sjl1∆ sjl2∆ cells expressing Sla1-GFP. FM4-64 
and Sla1GFP were visualized immediately after 
FM4-64 was added to the media in a ﬂ  ow chamber. 
(B) Alexa Fluor 594–α-factor labeling of wild-type 
or  sjl1∆ sjl2∆ cells expressing Sla1-GFP. Alexa 
Fluor 594–α-factor and Sla1p were visualized 
  immediately after internalization was initiated in 
the presence or absence of lat A. (C) Wild-type or 
sjl1∆ sjl2∆ cells expressing Mss4-GFP and Pdr5-
RFP. (D) FM4-64 labeling of sjl1∆ sjl2∆ cells 
  expressing Sla2 ANTH-GFP. FM4-64 and Sla2 
ANTH-GFP were visualized immediately after 
FM4-64 was added to the media in a ﬂ  ow cham-
ber. Bars, 2 μm.PTDINS(4,5)P2 DYNAMICS AND FUNCTION IN ENDOCYTOSIS • SUN ET AL. 361
sjl2∆ mutants (Fig. 5 A). Furthermore, turnover of Sla1-GFP 
patches at both locations was blocked by addition of the actin 
assembly inhibitor latrunculin A (lat A; Fig. 5, B and C), indi-
cating that the Sla1p patches on the cortex and inside of the cell 
exhibit   actin assembly–dependent turnover.
Previous analysis by electron microscopy and by use of 
the fl  uorescent membrane marker FM4-64 revealed abnormal 
deep membrane invaginations in sjl1∆ sjl2∆ cells (Srinivasan 
et al., 1997; Singer-Kruger et al., 1998; Stefan et al., 2002). 
To determine if the internal Sla1-GFP patches are present on the 
abnormal invaginations, we imaged Sla1-GFP and FM4-64 at 
the same time in sjl1∆ sjl2∆ cells. Strikingly, all of the internal 
Sla1-GFP patches appeared to be associated with the abnormal 
internal membrane structures labeled by FM4-64 (Fig. 6 A). The 
internal FM4-64 staining in sjl1∆ sjl2∆ cells was probably not 
the result of endocytosis because no internal FM4-64 signal was 
observed in wild-type cells at this early time point (Fig. 6 A). In 
addition, we incubated both wild-type and sjl1∆ sjl2∆ cells with 
Alexa Fluor 594–α-factor (Toshima et al., 2006), which is a 
cargo for receptor-mediated endocytosis, and imaged both the 
Alexa Fluor signal and Sla1-GFP immediately after internaliza-
tion was initiated by shifting cells from ice to room temperature. 
At this early time, Alexa Fluor labeled the abnormal internal 
structures that existed in the sjl1∆ sjl2∆ cells, but did not label 
internal structures in wild-type cells. This result strongly sug-
gests that the internal membrane structures are   continuous with 
the plasma membrane (Fig. 6 B). Furthermore, two-color real-
time microscopy revealed that during a 2-min video of the sjl1∆ 
sjl2∆ cells, multiple Sla1-GFP patches appear and disappear at 
different areas of the deep internal structures labeled by FM4-64 
(Fig. 7 A and Video 6, available at http://www.jcb.org/cgi/
content/full/jcb.200611011/DC1). Similar results were also ob-
tained when we simultaneously imaged GFP-tagged Pdr5 (ATP-
binding cassette transporter), which is known to localize at the 
plasma membrane, and the actin patch marker Abp1-RFP in 
sjl1∆ sjl2∆ cells (Fig. 7 B and Video 7). Multiple Abp1p patches 
appeared and disappeared on Pdr5-GFP–labeled internal struc-
tures (Video 7). The abnormal, deeply invaginated membrane 
structures in sjl1∆ sjl2∆ cells were previously observed and pro-
posed to result from failure of endocytic vesicle fi  ssion (Singer-
Kruger et al., 1998; Stefan et al., 2002). However, our two-color 
live-cell imaging analysis indicated that endocytic protein 
patches continuously assemble and disassemble on these struc-
tures, much as they do on the rest of plasma membrane.
Next, to gain insights into PtdIns(4,5)P2 distribution on the 
cell cortex and abnormal internal membrane structures, we im-
aged the only yeast phosphatidylinositol-4-phosphate 5-  kinase, 
Mss4-GFP, and the plasma membrane marker Prd5-RFP, in sjl1∆ 
sjl2∆ cells. Mss4p patches were also observed in the deeply 
invaginated membrane structures, suggesting PtdIns(4,5)P2 can be 
produced on these structures (Fig. 6 C). In addition, we crossed 
sla2 ANTH-GFP into the sjl1∆ sjl2∆ background. Although the 
sjl1∆ sjl2∆ sla2∆ triple mutant is inviable (unpublished data), 
an sjl1∆ sjl2∆ sla2ANTH-GFP strain is viable. In sjl1∆ sjl2∆ 
sla2ANTH-GFP cells, Sla2 ANTH-GFP showed patch localiza-
tion with a lifetime of 76.5 ± 13.2 s, both on the cell cortex and 
on the abnormal membrane invagination (Fig. 6 D). It is surpris-
ing that Sla2 ANTH-GFP in the sjl1∆ sjl2∆ strain had a shorter 
Figure 7.  Sla1 patch dynamics in the abnormal, deep membrane invaginations of sjl1𝖫 sjl2𝖫 mutants. (A) FM4-64 labeling over time of sjl1∆ sjl2∆ cells 
expressing Sla1-GFP. Single image from two-color video (left). FM4-64 is red, and Sla1-GFP is green. Selected frames show Sla1 patch dynamics at one 
deep, abnormal membrane invagination structure over time (right). The time to acquire one image pair was 2.8 s. The numbers in black indicate the frame 
number of the video. The numbers in white indicate different patches. (B) Two-color imaging of sjl1∆ sjl2∆ cells expressing Abp1-GFP and Pdr5-RFP. 
  Selected frames show Abp1 patch dynamics at one deep, abnormal membrane invagination structure over time (right). Time to acquire one image pair 
was 2.8 s. The numbers in black indicate the frame number of the video and the numbers in white indicate different patches. Bar, 2 μm.JCB • VOLUME 177 • NUMBER 2 • 2007  362
lifetime than in wild-type cells (105 ± 28.7). Perhaps in the 
sjl1∆ sjl2∆ sla2ANTH-GFP strain, failure to carry out produc-
tive endocytic events results in premature disassembly of the en-
docytic machinery. Nevertheless, dynamic assembly of endocytic 
proteins on the abnormal membrane invaginations provides evi-
dence that endocytic proteins do not recognize membrane com-
partments by virtue of where the membrane compartment 
localizes in the cell, but by virtue of the membrane’s specifi  c 
molecular components, including PtdIns(4,5)P2.
sjl1𝖫 sjl2𝖫 cells are defective in functions 
of multiple endocytic modules
Previously, based on the dynamic behavior of many different 
proteins during endocytic internalization, we proposed that the 
yeast endocytic machinery is composed of four protein modules 
(Kaksonen et al., 2005). To test how failure to properly regulate 
PtdIns(4,5)P2 levels affects the behavior of the different endo-
cytic modules, we analyzed the dynamics of proteins represent-
ing each module in sjl1∆ sjl2∆ mutants.
The coat module consists of proteins that assemble on the 
plasma membrane and then internalize  200 nm before dis-
assembling. We analyzed the dynamic behavior of the coat proteins 
Sla1p, Sla2p, and Ent1p in sjl1∆ sjl2∆ cells (Fig. 8, A and C; 
and Videos 8–10, available at http://www.jcb.org/cgi/content/
full/jcb.200611011/DC1). Strikingly, kymographs of the patches 
revealed that all of these proteins still undergo inward move-
ment, indicating that invagination occurs in this mutant (Fig. 8 A). 
These results are consistent with the fact that Sjl2p is recruited 
Figure 8.  Different endocytic modules have distinct defects in sjl1𝖫 sjl2𝖫 mutant. (A) Single frames from videos of wild-type or sjl1∆ sjl2∆ cells expressing 
different GFP-tagged endocytic proteins (ﬁ  rst and third column). Bars, 2 μm. Kymographs of single patches from videos of cells expressing the indicated 
GFP-tagged protein (second and fourth columns). Scale bars for kymographs are 10 s. (B) Lifetimes for different patch proteins ± standard deviation. 
n = 30 patches for each strain. White bars indicate wild-type cells and gray bars indicate sjl1∆ sjl2∆ cells. (C) Kymographs of single patches from two-
color videos of cells expressing the indicated GFP- and RFP-tagged proteins.PTDINS(4,5)P2 DYNAMICS AND FUNCTION IN ENDOCYTOSIS • SUN ET AL. 363
to endocytic sites only after the slow Sla1p movement starts in 
wild-type cells (Fig. 4 D). However, after the inward move-
ment, Sla2p and Ent1p persisted much longer than Sla1p in 
sjl1∆ sjl2∆ cells (Fig. 8, A and B; and Videos 8 and 9). This 
may be because both Sla2p and Ent1p contain PtdIns(4,5)P2 
binding domains, whereas Sla1p does not (Aguilar et al., 
2003; Sun et al., 2005). Thus, because PtdIns(4,5)P2 turnover 
is defective in sjl1∆ sjl2∆ cells, Sla2p and Ent1p disassembly 
are signifi  cantly delayed. Previous studies suggested that dis-
assembly of the Sla1p–Pan1p–End3p complex is regulated by 
phosphorylation activity of the related protein kinases Ark1p 
and Prk1p (Cope et al., 1999; Zeng and Cai, 1999; Sekiya-
Kawasaki et al., 2003). Together, these data suggest that there 
may be at least two kinds of mechanisms that regulate endocytic 
coat disassembly. One is based on protein phosphorylation 
by Ark1p and Prk1p, and the other is based on PtdIns(4,5)P2 
hydrolysis by Sjl2p.
The myosin–WASP module nucleates actin polymeriza-
tion and, rather than getting internalized, remains at the cell 
cortex during endocytosis (Kaksonen et al., 2003; Jonsdottir 
and Li, 2004; Sun et al., 2006). Myo5p, which belongs to the 
type I myosin family, has a lifetime of 22.8 ± 5.9 s in sjl1∆ 
sjl2∆ cells, which is about double its lifetime in wild-type cells 
(Fig. 8, A and B, and Video 8; Sun et al., 2006). One mamma-
lian type I myosin, Myo1c, has been shown to bind tightly and 
specifically to PtdIns(4,5)P2, as well as to inositol 1,4,5-
trisphosphate (Hokanson and Ostap, 2006). More recently, Myo1c 
has been shown to bind phosphoinositides through a putative 
pleckstrin homology (PH) domain (Hokanson et al., 2006). 
This putative PH domain is also conserved in Myo5p. Thus, the 
delay in Myo5p disassembly may be a direct effect of the 
PtdIns(4,5)P2 turnover defect.
Like the myosin–WASP module, actin and several other 
proteins of the actin-associated protein module are absolutely 
essential for yeast endocytosis. We used Abp1-GFP as a marker 
to monitor actin behavior. In sjl1∆ sjl2∆ mutants, actin assem-
bly was slightly delayed, which is consistent with the observa-
tion that the endocytic coat module undergoes slow inward 
movement that is likely correlated with membrane invagina-
tion (Fig. 9). However, Abp1p showed a signifi  cantly longer 
patch lifetime (P < 0.01) in sjl1∆ sjl2∆ cells than in wild-type 
cells (Fig. 8, A and B, Fig. 9, and Video 8). Previously, we pro-
posed that actin assembly promotes endocytic coat invagina-
tion and that actin disassembly may occur upon endocytic 
vesicle release (Kaksonen et al., 2003). Together, our results 
indicate that PtdIns(4,5)P2 levels are important for actin regu-
lation at endocytic sites.
The scission module consists of the yeast amphiphysin 
homologues Rvs161p and Rvs167p, which can heterodimerize. 
In yeast, Rvs161p and Rvs167p arrive at endocytic sites after 
actin polymerization starts. After briefl  y remaining stationary in 
a patch, Rvs161p and Rvs167p move rapidly inward  100 nm. 
This rapid inward movement was proposed to correspond to 
vesicle scission (Kaksonen et al., 2005). In sjl1∆ sjl2∆ cells, 
Rvs167p still appears after Abp1p appears, but it remains at 
the sites 2–3 times longer than it does in wild-type cells (Fig. 8, 
B and C, and Video 8). sjl1∆ sjl2∆ cells exhibit a severe defect 
in both receptor-mediated and fl  uid-phase endocytosis, sug-
gesting that vesicle scission may not occur in this mutant. 
  Importantly, Rvs167p does not make inward movements in 
sjl1∆ sjl2∆ cells, supporting this idea. Thus, these results suggest 
that PtdIns(4,5)P2 turnover is important for Rvs161p/167p 
function in endocytic scission.
Discussion
In this study, two GFP-tagged protein probes, Sla2 ANTH-GFP 
and Sjl2-3GFP, were used to quantitatively analyze PtdIns(4,5)P2 
Figure 9.  Dynamic Abp1 behavior in sjl1𝖫 sjl2𝖫 cells. Quantitation 
of ﬂ  uorescence intensity and distance from the site of patch formation 
for Abp1-GFP–labeled patches as a function of time in wild-type cells 
and sjl1∆ sjl2∆ cells. Each curve represents data from one patch. 
Fluorescence intensity over time was corrected for photobleaching. 
The vertical black line indicates the time point when Abp1-GFP 
reaches 80% of the peak intensity.JCB • VOLUME 177 • NUMBER 2 • 2007  364
dynamics at endocytic sites in budding yeast. We also imaged 
dynamics of endocytic module proteins in a synaptojanin mu-
tant to investigate the functions of PtdIns(4,5)P2 turnover during 
endocytosis. The results revealed an intimate link between 
PtdIns(4,5)P2 dynamic regulation and multiple stages during 
the endocytic internalization.
Sla2 ANTH-GFP is a speciﬁ  c marker 
for PtdIns(4,5)P2 at endocytic sites
We expressed Sla2 ANTH-GFP at endogenous levels in bud-
ding yeast in place of wild-type Sla2p, and found that endo-
cytosis was partially functional in this strain. It is not clear 
whether Sla2 ANTH-GFP has protein-binding partners. How-
ever, Sla2 ANTH-GFP, but not Sla2 4K-A ANTH-GFP, which 
is specifi  cally defective in PtdIns(4,5)P2 binding (Sun et al., 
2005), localized to endocytic sites, indicating that localiza-
tion of Sla2 ANTH-GFP at endocytic sites is dependent on its 
PtdIns(4,5)P2 interaction. Importantly, Sla2 ANTH-GFP lo-
calization to endocytic sites lends support to the hypothesis 
that these sites may correspond to PtdIns(4,5)P2-enriched 
microdomains (Carlton and Cullen, 2005). Furthermore, Sla2 
ANTH-GFP showed indistinguishable behavior to endo-
cytic coat proteins such as Sla1-mCherry, establishing a tight 
link between PtdIns(4,5)P2 and the presence of endocytic 
coat proteins. These results implicate PtdIns(4,5)P2 enrich-
ment and turnover in endocytic coat formation and dis-
assembly, respectively.
Uniform distribution of Mss4-GFP patches on the plasma 
membrane suggested that PtdIns(4,5)P2 may not be selectively 
synthesized at sites of endocytosis. Sla2 ANTH-mCherry 
accumulated in endocytic patches shortly after Clc1-GFP 
appeared in the patches, suggesting that PtdIns(4,5)P2 enrich-
ment at endocytic sites occurs after the recruitment of cargo 
molecules has begun. Previously, it was shown that endocytic-
site assembly is 50–75% reduced in clc1∆ cells (Kaksonen 
et al., 2005). We also found that Sla2 ANTH-GFP patches 
form on the plasma membrane at a similarly reduced rate in 
clc1∆ cells (unpublished data). These results support the pos-
sibility that PtdIns(4,5)P2 enrichment occurs concomitantly, 
and possibly synergistically, with endocytic coat assembly. 
Unlike Sla2 ANTH-GFP, which shows the patchlike localiza-
tion that characterizes endocytic proteins, overexpressed GFP-
2xPLCδ-PH from rat labeled the yeast plasma membrane 
uniformly (Stefan et al., 2002). High expression of GFP-
2xPLCδ-PH may have affected the ability to detect local dif-
ferences in PtdIns(4,5)P2 levels on the plasma membrane. 
Alternately, high expression of GFP-2xPLCδ-PH may have 
sequestered PtdIns(4,5)P2 and prevented PtdIns(4,5)P2 recruit-
ment to endocytic patches. Finally, because both ANTH do-
mains and PLCδ-PH bind to PtdIns(4,5)P2 specifi  cally in vitro 
(Lemmon et al., 1995; Sun et al., 2005), the different patterns 
of membrane localization in vivo might refl  ect differences in 
PtdIns(4,5)P2 binding affi   nity, or different protein-binding 
partners for ANTH and PLCδ-PH domains, which may affect 
their localization and functions. Further studies are needed to 
determine the mechanism of PtdIns(4,5)P2 enrichment at endo-
cytic sites.
PtdIns(4,5)P2 dynamics during 
endocytic internalization
Quantitative, high time resolution, live-cell imaging of Sjl2-
3GFP expressed at endogenous levels allowed us to precisely 
analyze its dynamics relative to key events during endocytic 
internalization. Sjl2p only accumulated at endocytic sites after 
bulk actin assembly and endocytic coat assembly reached their 
maximum levels, suggesting that PtdIns(4,5)P2 hydrolysis may 
attenuate coat and actin assembly. These results are consistent 
with the possibility that PtdIns(4,5)P2 plays roles in recruitment 
of the endocytic machinery to the plasma membrane and in pro-
moting actin polymerization. Sjl2p levels were maximal when 
coat disassembly and actin disassembly were occurring, which 
is in agreement with a role for a decrease in PtdIns(4,5)P2 levels 
in driving these disassembly processes. Additionally, the time 
period during which Sjl2p levels are maximal also coincides 
with the time when the Abp1p/Sjl2p fast movement occurs, sug-
gesting that the decrease in PtdIns(4,5)P2 levels occurs close to 
the time of vesicle scission. This observation is consistent with 
the proposal that local lipid composition changes may result in 
a phase separation that will promote vesicle scission (Roux 
et al., 2005; Liu et al., 2006). Finally, the Sjl2p dynamics pro-
vide further support for the conclusion that Sla2 ANTH-GFP is 
a valid probe for PtdIns(4,5)P2 because recruitment of the for-
mer protein to endocytic sites precedes a decrease in levels of 
the latter protein.
Abnormal deep membrane invaginations 
in sjl1𝖫 sjl2𝖫 cells with elevated 
PtdIns(4,5)P2 levels continuously 
assemble abortive endocytic sites
Results from our two-color live-cell imaging analysis of endo-
cytic protein dynamics in sjl1∆ sjl2∆ cells have caused us to 
reconsider a previously posited model for how abnormal deep 
plasma membrane invaginations are formed in this mutant 
(Singer-Kruger et al., 1998; Stefan et al., 2005), and provide 
insights into the nature of the signal that promotes endocytic 
site assembly.
It had previously been proposed that these deep membrane 
invaginations might represent formation of a single endocytic 
site, followed by a failure of vesicle scission (Singer-Kruger 
et al., 1998; Stefan et al., 2005). However, upon observing endo-
cytic protein dynamics and plasma membrane simultaneously 
in sjl1∆ sjl2∆ cells, we found that multiple endocytic sites form 
and disappear on the deep plasma membrane invaginations. 
Our data also suggest that these abnormal invaginations exhibit 
PtdIns(4,5)P2 foci similar to those on the plasma membrane. 
Thus, this mutant lends further support to the hypothesis that 
the endocytic site formation is not determined by where the 
membrane compartment localizes in the cell, but may be deter-
mined by the membrane’s specific molecular components, 
including PtdIns(4,5)P2 (Honing et al., 2005).
How do these deep membrane invaginations form in sjl1∆ 
sjl2∆ mutants? Previous studies showed that inhibiting actin 
polymerization before impairing synaptojanin function pre-
vents formation of the deep membrane invaginations, suggesting 
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membrane structures (Stefan et al., 2005). Consistently in our 
studies, the abnormal membrane structures were not observed 
in vrp1∆ sjl1∆ sjl2∆ mutants (unpublished data). Vrp1 appears 
before actin/Sjl2p and formation of endocytic invaginations 
is completely defective in vrp1∆ mutants (Sun et al., 2006). 
We speculate that the large abnormal membrane invaginations 
are the result of hyperactive initiation of endocytic sites, with 
continuous abortive endocytic events occurring one on top of 
the other. The abortive endocytic events are presumably initi-
ated as a result of elevated PtdIns(4,5)P2 levels, and because of 
a lack of PtdIns(4,5)P2 turnover, which may result in a failure 
to appropriately perform individual endocytic events, including 
vesicle scission.
PtdIns(4,5)P2 importance for dynamic 
functions of different endocytic modules
Failure to properly regulate PtdIns(4,5)P2 in sjl1∆ sjl2∆ mu-
tants caused different defects in dynamics of the endocytic coat 
proteins Sla1p and Sla2p, suggesting the existence of distinct 
uncoating mechanisms. Interestingly, recruitment of Ark1p, 
Prk1p, and Sjl2p, which are all negative regulators of the endo-
cytic machinery, to endocytic sites is dependent on Abp1p/
F-actin (Cope et al., 1999; Fazi et al., 2002; Sekiya-Kawasaki 
et al., 2003; Stefan et al., 2005). Moreover, two-color real-time 
analysis revealed that the protein kinase Prk1p also shows very 
similar dynamic behavior to the lipid phosphatase Sjl2p 
(unpublished data by Lee L., Sekiya-Kawasaki M., and D.G.D), 
suggesting that the two systems may work concurrently. This 
dual system may provide an effi  cient and reliable way to pro-
mote uncoating of endocytic membranes, which contain many 
different proteins with complicated protein–protein and/or 
protein–lipid interactions.
Our results also demonstrate a signifi  cant actin disassem-
bly delay in sjl1∆ sjl2∆ mutants. There are several factors that 
may contribute to such a delay. First, Myo5p, which is a major 
Arp2/3 activator during endocytic internalization (Sun et al., 
2006), persists at endocytic sites much longer in the mutant than 
in wild-type cells. Second, Sla2p, Ent1p, and perhaps other 
PtdIns(4,5)P2-binding proteins may play regulatory roles in 
actin organization. The delay in coat disassembly may therefore 
contribute to actin disassembly defects. Finally, previous data 
suggest that actin-binding proteins, including cofi  lin and cap-
ping protein, which function to promote actin fi  lament depoly-
merization, and to attenuate polymerization, respectively, are 
negatively regulated by PtdIns(4,5)P2 (Yin and Janmey, 2003). 
We speculate that a defect in PtdIns(4,5)P2 turnover may impair 
actin disassembly by inhibiting these actin-binding proteins.
Mutants defective in synaptojanin function have been 
  extensively examined in many different organisms (Srinivasan 
et al., 1997; Singer-Kruger et al., 1998; Stolz et al., 1998; 
Cremona et al., 1999; Gad et al., 2000; Harris et al., 2000; 
Verstreken et al., 2003; Stefan et al., 2005). Although electron 
microscopy and immunostaining studies have been very useful 
for characterizing the terminal morphological membrane 
defects in these mutants, the temporal resolution that live-cell 
imaging affords provided us with a very sensitive method with 
which to analyze defects in specifi  c endocytic steps that gen-
erate the terminal phenotype. We found that in sjl1∆ sjl2∆ 
cells, proteins from each of the four different endocytic mod-
ules previously identifi  ed get recruited to the plasma mem-
brane in the appropriate order, and they form endocytic sites 
(Fig. 8 C and Videos 8 and 9). However, distinct defects in the 
behavior and functions of different endocytic modules in the 
aforementioned sjl1∆ sjl2∆ cells allowed us to better under-
stand the function of PtdIns(4,5)P2 turnover at the different 
stages of endocytic internalization.
Clathrin-mediated endocytosis in yeast and mammalian 
cells is far more similar than had previously been appreciated. 
Many components of the mammalian endocytic machinery, 
including Hip1R and synaptojanin, share homology to yeast 
endocytic proteins (Sla2p and Sjl1p/Sjl2p, respectively). Thus, we 
anticipate that the dynamics and the functions of PtdIns(4,5)P2 
revealed in this study are relevant in more complex cells.
Materials and methods
Plasmids and strains
Yeast strains used in this study are listed in Table S1 (available at http://
www.jcb.org/cgi/content/full/jcb.200609014/DC1). C-terminal GFP and 
RFP tags were integrated by homologous recombination, as previously 
described (Sun et al., 2006). We cloned SJL2-3GFP using PBS-3xGFP–His 
vector, which was modiﬁ  ed from the pBS-3xGFP–Trp vector (W.-L. Lee, Uni-
versity of Massachusetts, Amherst, MA; Lee et al., 2003). The resulting 
plasmids contain a fragment encoding the C terminus of Sjl2p fused in 
frame to a ﬁ  ve Ala linker and triple GFP. Wild-type haploid cells (DDY 904) 
were transformed with this vector linearized by an appropriate restriction 
enzyme in the middle of the SJL2 sequence. Stable His
+ transformants were 
selected and screened for proper targeting by PCR.
𝗂-factor uptake assay
35S-labeled α-factor was prepared as described in Howard et al. (2002). 
The α-factor uptake assay was performed at 25°C, based on a continuous 
incubation protocol (Sekiya-Kawasaki et al., 2003). Cells were grown in 
YPD, harvested by centrifugation, and resuspended in internalization 
media (YPD media with 0.5% casamino acids and 1% BSA). At the indi-
cated time points, aliquots were withdrawn and diluted in ice-cold buffer at 
pH 6.0 (total α-factor) or pH 1.1 (internalized α-factor). The samples were 
then ﬁ  ltered and radioactivity was measured in a scintillation counter. The 
results were expressed as the ratio of pH 1.1 cpm/pH 6.0 cpm for each 
time point to represent the percentage of internalization.
Fluorescence microscopy
FM4-64 staining was done in a ﬂ  ow chamber, as previously described 
(Sekiya-Kawasaki et al., 2003). Imaging was performed immediately after 
the addition of the dye, which was used at a concentration of 8 μM in 
SD-based media (Sekiya-Kawasaki et al., 2003). Alexa Fluor 594–α-factor 
imaging was done as previously described (Toshima et al., 2006). One-
color live-cell imaging and two-color live-cell imaging were performed as 
previously described (Sun et al., 2006). Cells were attached to concanav-
alin A–coated coverslips, which were sealed to slides with vacuum grease 
(Dow Corning). All imaging studies were performed at  25°C using a 
microscope (IX81; Olympus) equipped with 100×/NA 1.4 objectives and 
cameras (Orca II; Hamamatsu). Image analysis was performed with 
ImageJ (National Institutes of Health; http://rsb.info.nih.gov/ij/; Kaksonen 
et al., 2003).
Online supplemental material
Fig. S1 shows results of experiments demonstrating that Mss4-GFP, Sjl1-
GFP, and Sjl2-3GFP are functional in vivo, and results of localization of 
these GFP-tagged proteins. Video 1 includes real-time videos of Sla2 
ANTH-GFP and Sla2 4K-A ANTH-GFP dynamics in vivo. Video 2 is a two-
color real-time video of Sla2 ANTH-GFP and Sla1-mCherry (provided by 
C. Toret, University of California, Berkeley, Berkeley, CA) dynamics in vivo. 
Video 3 is a two-color real-time video of Sla2 ANTH-GFP and Abp1-mRFP 
dynamics in vivo. Video 4 includes real-time videos of Sjl2-GFP or Sjl2-
3GFP dynamics in vivo. Video 5 is a two-color real-time video of Sjl1-3GFP JCB • VOLUME 177 • NUMBER 2 • 2007  366
and Abp1-mRFP dynamics in vivo. Video 6 is a two-color real-time video of 
Sla1-GFP and FM4-64 in sjl1∆ sjl2∆ cells. Video 7 is a two-color real-time 
video of Abp1-GFP and Pdr5-RFP in sjl1∆ sjl2∆ cells. Video 8 includes 
real-time videos of various proteins tagged with GFP in wild-type cells or in 
sjl1∆ sjl2∆ cells. Video 9 includes two-color real-time videos of various 
proteins tagged with GFP or RFP in wild-type cells or in sjl1∆ sjl2∆ cells. 
Video 10 includes two-color real-time videos of Ent1-GFP and Sla1-mCherry 
in wild-type cells or in sjl1∆ sjl2∆ cells. Table S1 is a list of yeast strains 
used in this study. The online version of this article is available at http://
www.jcb.org/cgi/content/full/jcb.200611011/DC1.
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